Introduction {#S0001}
============

Neonatal hypoxic-ischemic brain injury (HIBI), which is associated with a morbidity of 2.5/1,000 live births (4--9 million infants globally), is a perinatal brain injury that occurs during fetus distress in utero, suffocating asphyxia during or after parturition, or intrauterine infection.[@CIT0001] In addition to the high mortality (23%), HIBI can cause long-term neurological sequelae, such as epilepsy as well as cognitive and memory impairment.[@CIT0002] Numerous studies have investigated the effects of various drugs and strategies on HIBI in neonatal rats and the underlying mechanisms.[@CIT0003]--[@CIT0011] Volatile anesthetics, such as sevoflurane and isoflurane, are neuroprotective against HIBI in neonatal rats.[@CIT0009]--[@CIT0014]

Sevoflurane, with its non-pungent smell and small blood gas distribution coefficient that can induce anesthesia rapidly, is the most commonly used anesthetic in neonates in the clinic. Autophagy is an essential process for degradation and recycling of intracellular macromolecules;[@CIT0015] however, it is a double-edged sword to the developing central nervous system (CNS).[@CIT0016]--[@CIT0020] Stimuli (eg, HI) can induce excessive autophagy, which is destructive.[@CIT0018],[@CIT0020]--[@CIT0022] Our previous studies have shown that autophagy is over-activated in the hippocampus in neonatal rats under HI insult, and inhibiting excessive autophagy attenuates HI-induced brain injury, as well as cognitive and memory impairment.[@CIT0021] Therefore, we were interested in determining whether sevoflurane-conferred neuroprotection against HIBI in neonatal rats is related to inhibited autophagy.

Enhancer of zeste homolog 2 (Ezh2), the subunit of Polycomb repressive complex 2 (PRC2), plays a critical role in mammalian CNS development.[@CIT0023]--[@CIT0025] Ezh2 is essential for hippocampal learning, memory, and neurogenesis through trimethylation at lysine 27 of histone H3 (H3K27me3), which silences downstream phosphatase and tensin homolog on chromosome 10 (Pten) expression.[@CIT0026] Moreover, inhibiting or deleting Pten results in downregulation of autophagy through Akt/mTOR signaling.[@CIT0027],[@CIT0028] In this study, we hypothesized that sevoflurane post-conditioning (SPC) would inhibit excessive autophagy to confer neuroprotection against HIBI in neonatal rats, which might be related to regulation of Pten/Akt/mTOR signaling by Ezh2.

Materials and methods {#S0002}
=====================

Animals {#S0002-S2001}
-------

All animal experiments were carried out in accordance with the recommendations of the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. All protocols described were approved by the Animal Review Board of Shengjing Hospital, China Medical University.

Neonatal HIBI model {#S0002-S2002}
-------------------

HIBI in neonatal rats was induced as previously described.[@CIT0012],[@CIT0029] Briefly, 7-day-old Sprague--Dawley rats were subjected to permanent double ligation of the left common carotid artery using 7--0 surgical silk under sevoflurane anesthesia. Each operation was performed within 5 mins. After waking, the pups were returned to their mothers for 2 hrs. The pups were then placed in a chamber with constant gas (8% O~2~, 92% N~2~) exposure for 2 hrs. The air temperature was controlled at 37°C by submerging the chamber in a temperature-controlled water bath.[@CIT0012] Hippocampi from each group were harvested 24 hrs or 34 d post-HI.

Study groups and sevoflurane post-conditioning {#S0002-S2003}
----------------------------------------------

A total of 288 neonatal rats were randomly divided into 8 groups (n=36 per group; 18 males and 18 female, sexed according to the distance from the reproductive organ to the anus). An equal sex ratio was used to eliminate any estrogen effects. The groups were: Group 1: sham (sham surgery, control)Group 2: sham + SPC (sham + S)Group 3: HIGroup 4: HI + SPC (HI + S)Group 5: HI + SPC + rapamycin (HI + S + R)Group 6: HI + rapamycin (HI + R)Group 7: HI + SPC + GSK126 (HI + S + G)Group 8: HI + GSK126 (HI + G)

Rats in the sham + S or HI + S groups were placed in a chamber containing 2.5% sevoflurane, which equals 1 minimum alveolar concentration (MAC), in 30% O~2~ and 70% N~2~ for 30 mins immediately after HI. The protective concentration of sevoflurane was determined previously and was consistent with previous reports.[@CIT0013],[@CIT0014] The dose used is also commonly used for neonates in the clinic.[@CIT0030] The sample size (n=36) was determined by power analysis based on pilot experiment data.

Drug administration {#S0002-S2004}
-------------------

Rats in the HI + R and HI + S + R groups received a left-side intra-cerebroventricular injection of the mTOR inhibitor rapamycin (5 µL, 1 mM; S1093, Selleck). Rats in the HI + G and HI + S + G groups received a left-side intra-cerebroventricular injection of the Ezh2 inhibitor GSK126 (5 µL, 50 µM; S7061, Selleck). Rats in the remaining groups were injected with the same volume of vehicle (1% DMSO). The drugs or vehicle were administered 30 mins before HI.

Protein isolation and western blotting {#S0002-S2005}
--------------------------------------

The cerebral hemispheres were harvested 24 hrs post-HI, and the hippocampal tissues were extracted (n=6 per group). For total protein extraction, each hippocampus was homogenized in RIPA lysis buffer (p0013B, Beyotime) containing protease inhibitors (P8349, Sigma-Aldrich) on ice and then incubated on ice for 30 mins. Samples were centrifuged at 14,000 rpm for 30 mins at 4°C and the supernatants collected. Histones were extracted using the EpiQuik Total Histone Extraction Kit (OP-0006-100, Epigentek). Protein concentrations were determined using the BCA protein assay kit (p0011, Beyotime). Equal amounts of protein were separated using sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 12.5% and 10% for small and large molecular weights, respectively) and transferred to PVDF membranes (IPFL 000 10, Millipore). The membranes were blocked with 5% nonfat milk for 1.5 hrs at room temperature, and then incubated overnight at 4°C with primary antibodies against LC3B (Rabbit polyclonal 1:1,000; Cell Signaling Technology, 2775S), Beclin1 (Rabbit monoclonal 1:1,000; Cell Signaling Technology, 3738s), mTOR (Rabbit monoclonal 1:1,000; Cell Signaling Technology, 2983s), p-Akt (Rabbit polyclonal 1:1,000; Cell Signaling Technology, 9271s), Akt (Rabbit polyclonal 1:1,000; Cell Signaling Technology, 9272s), Pten (Rabbit monoclonal 1:1,000; Cell Signaling Technology, 9188s), Ezh2 (Rabbit monoclonal 1:1,000; Cell Signaling Technology, 5246s), H3K27me3 (Rabbit monoclonal 1:1,000; Cell Signaling Technology, 9733s), and H3 (Mouse monoclonal 1:1,000; Cell Signaling Technology, 14269s). The membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (Zhongshanjinqiao Corporation) at room temperature for 2 hrs and developed using enhanced chemiluminescence (NC15079, SuperSignal West Pico Trial Kit, Thermo). Western blot images were captured using a chemiluminescence imaging system (C300, Azure Biosystems), and quantified using Image-Pro plus 6.0 (Media Cybernetics). The signal intensities of LC3B-II, mTOR, Pten, and Ezh2 were normalized to GAPDH and expressed relative to the control. The p-Akt intensity was normalized to total Akt and H3K27me3 was normalized to H3.

Immunofluorescence {#S0002-S2006}
------------------

Rats were deeply anesthetized and transcardially perfused with normal saline followed by 4% paraformaldehyde in 0.1 M PBS 24 h post-HI, and then embedded in paraffin after dehydration in graded ethanol. Immunofluorescence was performed on 3.5 μm-thick coronal sections. After hot repairing, the sections were incubated with 10% serum in 0.1 M PBS for 40 mins, and incubated overnight at 4°C with primary antibodies against LC3B (Rabbit polyclonal 1:100; 2775S, Cell Signaling Technology), NeuN (Mouse 1:1,000; 2,742,283, Millipore), or both. Following washing with 0.1 M PBS three times for 5 mins each time, sections were incubated with a FITC-conjugated secondary antibody (Goat anti-rabbit IgG 1:100; SA00003-2, Proteintech) or TRITC-conjugated anti-Mouse IgG (1:100; SA00007-1, Proteintech) at room temperature for 4 hrs. The sections were counterstained with DAPI for 5 mins. Immunofluorescence images were collected using a Nikon Eclipse NI microscope.

Mortality, body weight, and weight ratio of left to right hemisphere {#S0002-S2007}
--------------------------------------------------------------------

The deaths of rats were recorded during the period from the onset of cerebral HI to day 34 post-HI, and the mortality was calculated. Body weights were measured prior to HI, and then on day 7 and 34 post-HI. Rats (n=10 per group) were euthanized, and the two hemispheres were separated and weighed. The weight ratios of the left to the right hemisphere were measured on day 7 post-HI.

Suspension test {#S0002-S2008}
---------------

Suspension tests began on day 21 and lasted to day 28 post-HI to reflect sensory and motor function (n=10 per group). Every day at the same time, rats were forced to hold onto a 0.6-cm-wide plastic level with their anterior limbs. The level was 45 cm above the ground. The tests were stopped when the rats fell, their posterior limbs caught the level, or the suspension time was greater than 60 s.[@CIT0012]

Morris water maze {#S0002-S2009}
-----------------

The Morris water maze (MWM) test was performed following the suspension test from day 29 to day 34 post-HI to reflect spatial learning and memory as described previously with minor modifications (n=10 per group).[@CIT0021] Briefly, the maze was a 160-cm-wide and 60-cm-high round pool with a black wall. The water level was 30 cm deep and kept at 20±1°C. A 12-cm-wide cylindrical platform was set 1.5 cm below the water face and 30 cm away from the wall in the second quadrant. Four trials were carried out per day at 30-min intervals for 5 days at the same time each day. The rats were placed in one of the four quadrants, each time facing the pool wall to search for the underwater platform. If a rat found the platform within 90 s, it was made to sit on the platform for 20 s. If the rat did not find the platform, it was guided to the platform for 20 s, and the escape latency was recorded as 90 s. For the probe trials on day 34 post-HI, the platform was removed, and the rats were allowed to swim for 90 s. The times for crossing the platform quadrant were recorded. An automatic camera system was set up above the pool and recorded each test route. Data were analyzed using Image Analysis Software (Shanghai Mobiledatum, China).

During the trials, silence and the same constant light intensity were maintained, and the placement of objects was constant. The behavioral tests (suspension and MWM) were conducted by an observer, who was blinded to the group assignments.

Brain histopathology {#S0002-S2010}
--------------------

After the behavioral tests (day 34 post-HI), brains were harvested as described for immunofluorescence (n=9 for each group). Coronal sections (3.5 μm-thick) approximately 3.5 mm from caudal to bregma were obtained for Nissl staining.[@CIT0012] The sections were examined by an observer, who was blinded to the group assignments. The neuronal density in the cornu ammonis 3 (CA3) region was determined by counting the number of cells that were positive for Nissl staining in a reticle (approximately 0.0025 mm^2^). Three different reticles in the CA3 area of each section were examined to yield the neuronal density in each rat.

Statistical analysis {#S0002-S2011}
--------------------

All data (eg, body weight, brain weight, brain weight ratio, neuronal density ratio, protein expression levels, suspension time, swimming speed, platform quadrant crossing times，time spent in each quadrant) are presented as the mean±the standard deviation (SD), and were analyzed using one-way ANOVA followed by the Student--Newman--Keuls post-hoc test. The escape latency was tested using a two-way repeated ANOVA (treatment as between-groups and time as repeated measure factors) followed by the Bonferroni post-hoc test. The mortality among the groups was analyzed by Z testing. All statistical analyses were performed using GraphPad Prism Version 6.0 (GraphPad Software, USA). A *P*-value of \<0.05 was considered statistically significant.

Results {#S0003}
=======

The general characteristics of each group are presented in [Table 1](#T0001){ref-type="table"}. The mortality of each group post-HI without SPC was approximately 8.3% and was not significantly different from the groups with SPC. There was no significant difference in the body weights between the different groups at any time point.Table 1General characteristicsBrain hypoxic ischemiaBody weight (g) of the survivors, mean±SDTotalDeadMortality (%)7-day-old14-day-old42-day-oldSham360014.5±1.433.4±2.3153.1±5.2Sham + S360014.2±0.933.2±2.0153.4±7.9HI3638.314.1±1.031.2±2.3150.3±9.8HI + S3625.614.3±1.132.6±2.0152.0±8.9HI + S + R3625.614.2±1.231.5±2.8151.5±9.4HI + R36411.114.0±1.231.2±2.9151.3±8.2HI + S + G3638.314.1±1.331.3±2.2150.1±9.4HI + G3638.314.2±1.031.4±2.8150.9±9.9[^1][^2]

SPC protects neurons against HI through inhibition of excessive autophagy {#S0003-S2001}
-------------------------------------------------------------------------

SPC (2.5% for 30 mins) was neuroprotective against HIBI in neonatal rats through the inhibition of over-activated autophagy. Representative images of the cerebral and neuronal morphology on day 34 post-HI are presented in [Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}. Neurons in the hippocampus of the HI group rats appeared to be in a scattered and irregular distribution with increased intracellular space compared to the sham group ([Figure 1B](#F0001){ref-type="fig"}). In addition, the neuronal density in the CA3 region of the hippocampus and the weight ratio of the left to the right hemisphere in the HI group were significantly decreased ([Figure 1C](#F0001){ref-type="fig"}, *P*\<0.001; [Table 2](#T0002){ref-type="table"}, *P*\<0.001). SPC attenuated this pathological damage and ameliorated the decreased neuronal density ([Figure 1C](#F0001){ref-type="fig"}, *P*\<0.001), weight ratio ([Table 2](#T0002){ref-type="table"}, *P*\<0.01), and cerebral and neuronal morphological damage ([Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}). Rapamycin treatment (HI + S + R group) reversed the SPC-induced neuroprotection. However, it did not significantly worsen the HI injury (HI + R group versus HI group).Table 2Weight ratio of left/right cerebral hemispheres (mean±SD)Left cerebral weight (mg)Right cerebral weight (mg)Left/right (%)Sham428.6±19.1429.8±20.299.73±0. 7Sham + S424.6±19.4424.7±19.699.98±0. 2HI285.6±27.0\*\*\*407.8±32.470.15±5.6\*\*\*HI + S319.7±32.0\*\*\*^,\#^412.8±27.677.52±6.7\*\*\*^,\#\#^HI + S + R291.4±19.8\*\*\*^,&^403.4±20.477.24±3.3\*\*\*^,&^HI + R284.7±28.3\*\*\*^,&^403.0±18.070.52±4.4\*\*\*^,&&^HI + S + G291.1±24.7\*\*\*^,&^395.8±43.473.79±3.3\*\*\*^,&^HI + G288.6±22.1\*\*\*^,&^403.7±27.371.55±3.9\*\*\*^,&&^[^3][^4] Figure 1Long-term neurological changes after HI suffering, SPC or rapamycin injection in each group. (**A**) Representative cerebral morphological graphs day 34 post-HI. (**B**) Histological Nissil staining in CA3 region of hippocampus day 34 post-HI, scale bar =50 μm. (**C**) Neuronal density ratio in CA3 region of hippocampus (n=9/group), values are presented as mean±SD; \*\*\**P*\<0.001 compared with sham group; *^\#\#\#^P*\<0.001 compared with HI group; ^&&&^*P*\<0.001 compared with HI + S group. Group 1: Sham (sham surgery, control), group 2: Sham + SPC (sham + S), group 3: HI, group 4: HI + SPC (HI + S), group 5: HI + SPC + rapamycin (HI + S + R), group 6: HI + rapamycin (HI + R), group 7: HI + SPC + GSK126 (HI + S + G), group 8: HI + GSK126 (HI + G).**Abbreviations:** SPC, sevoflurane post-conditioning; HI, hypoxic ischemia.

To further demonstrate the mechanisms underpinning the SPC neuroprotective effects, we measured the protein expression levels of two autophagy markers, microtubule-associated protein 1 light chain 3 (LC3)B-II and Beclin1, 24 hrs post-HI, which represents the peak time point.[@CIT0021] LC3II is produced by forming autophagosomes and allows substrate uptake by binding to several autophagy receptors.[@CIT0031] Beclin1 is involved in the autophagic reaction for the elongation of the pre-autophagosomal membrane.[@CIT0032] HI insult enhances autophagy flux in the hippocampus of neonatal rats.[@CIT0021] Therefore, LC3B-II and Beclin1 can reflect the extent of autophagy. Compared to the sham group, autophagy in the HI group was over-activated as indicated by the significantly elevated expression of the two autophagy markers ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}, *P*\<0.01; [Figure 2C](#F0002){ref-type="fig"}, *P*\<0.01). SPC significantly inhibited the elevated autophagy in the HI + S group compared to the HI group ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}, *P*\<0.01; [Figure 2C](#F0002){ref-type="fig"}, *P*\<0.05). After treatment with rapamycin, which activates autophagy, inhibition of autophagy by SPC was abrogated ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}, *P*\<0.05; [Figure 2C](#F0002){ref-type="fig"}, *P*\<0.05). We also investigated autophagy of the hippocampus by immunofluorescence staining ([Figure 2D](#F0002){ref-type="fig"}). Double immunostaining for LC3B and NeuN showed that LC3B was expressed in the hippocampal neurons ([Figure 2D](#F0002){ref-type="fig"}). LC3B co-localized with NeuN showed a punctate pattern in the HI, HI + S + R, and HI + R groups, whereas the sham, sham + S, and HI + S groups presented diffused green light labeling. Meanwhile, we observed that there was no significant difference in Beclin1, LC3BII levels between sham group and sham group with rapamycin intra-cerebroventricular injection ([Figure S1](#SD1)). Together with the morphological results, these data suggest that SPC inhibited over-activated autophagy in neonatal rats following HI, which could lead to long-term neuroprotective outcomes.Figure 2Autophagy markers expression level changes 24 hrs after HI suffering, SPC or rapamycin injection in each group. Representative western blots (**A**) and quantification of (**B**) Beclin1 and (**C**) LC3B-II, values are presented as mean±SD (n=6/group); \*\**P*\<0.01 compared with the sham group; ^\#^*P*\<0.05, and ^\#\#^*P*\<0.01 compared with the HI group; ^&^*P*\<0.05, and ^&&^*P*\<0.01 compared with the HI + S group. (**D**) Representative immunofluorescent staining of LC3B (green) with NeuN (red) in hippocampus, scale bar =100 μm. Group 1: Sham (sham surgery, control), group 2: Sham + SPC (sham + S), group 3: HI, group 4: HI + SPC (HI + S), group 5: HI + SPC + rapamycin (HI + S + R), group 6: HI + rapamycin (HI + R), group 7: HI + SPC + GSK126 (HI + S + G), group 8: HI + GSK126 (HI + G).**Abbreviations:** SPC, sevoflurane post-conditioning; HI, hypoxic ischemia.

SPC inhibits excessive autophagy via Ezh2 regulation of Pten/Akt/mTOR pathway {#S0003-S2002}
-----------------------------------------------------------------------------

To further explore the underlying mechanisms of SPC-mediated neuroprotection through inhibition of autophagy, we assessed the protein expression level of Ezh2, a critical regulator of autophagy and an epigenetic regulator of Pten;[@CIT0026],[@CIT0033] the level of H3K27me3, and levels of their downstream signaling proteins Pten, Akt, and mTOR 24 h after HI ([Figure 3](#F0003){ref-type="fig"}). Our results revealed that the Ezh2, H3K27me3, *p*-Akt, and mTOR levels decreased and the Pten level increased in the HI group compared to the sham group ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}, *P*\<0.001; [Figure 3C](#F0003){ref-type="fig"}, *P*\<0.001; [Figure 3D](#F0003){ref-type="fig"}, *P*\<0.01; [Figure 3E](#F0003){ref-type="fig"}, *P*\<0.001; [Figure 3F](#F0003){ref-type="fig"}, *P*\<0.001). This trend was reversed by SPC in the HI + S group ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}, *P*\<0.01; [Figure 3C](#F0003){ref-type="fig"}, *P\<*0.001; [Figure 3D](#F0003){ref-type="fig"}, *P*\<0.01; [Figure 3E](#F0003){ref-type="fig"}, *P*\<0.001; [Figure 3F](#F0003){ref-type="fig"}, *P*\<0.001). Therefore, Ezh2, H3K27me3, and Pten/Akt/mTOR might be involved in SPC-induced neuroprotection after neonatal HIBI.Figure 3The 2.5% SPC treatment for 30 mins reversed the HI-induced elevation of Pten, and the decrease in Ezh2, H3K27me3, pAkt/Akt, and mTOR expression 24 hrs post-HI. Representative western blots (**A**) and quantification of (**B**) Ezh2, (**C**) H3K27me3/H3, (**D**) Pten, (**E**) pAkt/Akt, and (**F**) mTOR values are presented as mean±SD (n=6/group); \*\**P*\<0.01, and \*\*\**P*\<0.001 compared with the sham group; ^\#\#^*P*\<0.01, and ^\#\#\#^*P*\<0.001 compared with the HI group. Group 1: Sham (sham surgery, control), group 2: Sham + SPC (sham + S), group 3: HI, group 4: HI + SPC (HI + S), group 5: HI + SPC + rapamycin (HI + S + R), group 6: HI + rapamycin (HI + R), group 7: HI + SPC + GSK126 (HI + S + G), group 8: HI + GSK126 (HI + G).**Abbreviations:** SPC, sevoflurane post-conditioning; HI, hypoxic ischemia; Ezh2, Enhancer of zeste homolog 2; Pten, phosphatase and tensin homolog on chromosome 10.

To further verify that Ezh2 affected the Pten/mTOR pathway during SPC-mediated regulation of autophagy following HIBI to neonatal rats, we injected GSK126, an Ezh2 inhibitor, into the left lateral cerebral ventricle 30 min before HI. GSK126 inhibits the catalytic site of Ezh2 and reduces H3K27 trimethylation. As expected, H3K27mes3 levels were down-regulated in the HI + S + G group compared to the HI + S group ([Figure 4A](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}, *P*\<0.001). The Ezh2 levels did not differ between these two groups ([Figure 4A](#F0004){ref-type="fig"}, and [B](#F0004){ref-type="fig"}). Further analysis showed that the Pten level was upregulated and *p*-Akt and mTOR levels were downregulated in the HI + S + G group compared to the HI + S group ([Figure 4A](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}, *P*\<0.001; [Figure 4E](#F0004){ref-type="fig"}, *P*\<0.001; [Figure 4F](#F0004){ref-type="fig"}, *P*\<0.001). Meanwhile, we observed that the dose of GSK126 that we injected into intra-cerebroventricular did not cause significant changes in Ezh2, H3K27me3, Pten level, and the downstream proteins (Akt, mTOR) in sham group rats ([Figure S2](#SD2)). We also measured LC3B-II and Beclin1 levels and investigated autophagy in the CA3 region by immunofluorescence staining ([Figure 5](#F0005){ref-type="fig"}). The analysis showed that LC3B-II and Beclin1 levels were upregulated in the HI + S + G group compared to the HI + S group ([Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}, *P*\<0.001; [Figure 5C](#F0005){ref-type="fig"}, *P*\<0.05). The dose of GSK126 that we injected into intra-cerebroventricular did not significantly change LC3B-II and Beclin1 levels in sham group rats ([Figure S3](#SD3)). LC3B/DAPI-labeled neurons exhibited punctate green LC3B expression in the cytoplasm with blue nuclei in the HI, HI + S + G, and HI + G groups. In contrast, the hippocampus of the sham and HI + S groups contained diffuse light green staining ([Figure 5D](#F0005){ref-type="fig"}). Collectively, these results suggest that SPC inhibited autophagy of the hippocampus via Ezh2-mediated regulation of the Pten/Akt/mTOR pathway.Figure 4The Ezh2 inhibitor GSK126 reversed the SPC-conferred increase in H3K27me3, pAkt/Akt, mTOR expression, and the decrease in Pten. Representative western blots (**A**) and quantification of (**B**) Ezh2, (**C**) H3K27me3/H3, (**D**) Pten, (**E**) pAkt/Akt, (**F**) mTOR values are presented as mean±SD (n=6/group); \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 compared with the sham group; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, *P*\<0.001 compared with the HI group; ^&^*P*\<0.05, and ^&&&^*P*\<0.001 compared with the HI + S group. Group 1: Sham (sham surgery, control), group 2: Sham + SPC (sham + S), group 3: HI, group 4: HI + SPC (HI + S), group 5: HI + SPC + rapamycin (HI + S + R), group 6: HI + rapamycin (HI + R), group 7: HI + SPC + GSK126 (HI + S + G), group 8: HI + GSK126 (HI + G).**Abbreviations:** SPC, sevoflurane post-conditioning; HI, hypoxic ischemia; Ezh2, Enhancer of zeste homolog 2; Pten, phosphatase and tensin homolog on chromosome 10.Figure 5GSK126 reverses the SPC-conferred decrease in Beclin1 and LC3B-II expression and attenuates HI-induced excessive autophagy in the CA3 hippocampal region 24 hrs post-HI. Representative western blots (**A**) and quantification of (**B**) Beclin1, (**C**) LC3B-II values are presented as mean±SD (n=6/group); \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 compared with the sham group; ^\#^*P*\<0.05, and ^\#\#\#^*P*\<0.001 compared with the HI group; ^&^*P*\<0.05, ^&&^*P*\<0.01, and ^&&&^*P*\<0.001 compared with the HI + S group. One-way ANOVA with Newman-Keuls post-hoc test was used for the data analysis. (**D**) Representative immunofluorescent staining of LC3B. LC3B (green) showed punctate pattern in HI, HI + S + G and HI + G group, whereas sham and HI + S group presented diffused green light labeling, scale bar =100 μm. Group 1: Sham (sham surgery, control), group 2: Sham + SPC (sham + S), group 3: HI, group 4: HI + SPC (HI + S), group 5: HI + SPC + rapamycin (HI + S + R), group 6: HI + rapamycin (HI + R), group 7: HI + SPC + GSK126 (HI + S + G), group 8: HI + GSK126 (HI + G).**Abbreviations:** SPC, sevoflurane post-conditioning; HI, hypoxic ischemia.

SPC improves long-term neurological outcomes via Ezh2 regulation {#S0003-S2003}
----------------------------------------------------------------

To further verify Ezh2-mediated SPC long-term neurological protection in neonatal rats after HI, the MWM test was performed to evaluate the spatial learning and memory of rat 34 d post-HI ([Figure 6](#F0006){ref-type="fig"}). As shown in [Figure 6B](#F0006){ref-type="fig"}, the escape latency of all groups showed a downward trend in the MWM test. Compared with the HI group, rats in the HI + S group took significantly less time to find the underwater platform in the second quadrant on days 4 and 5 ([Figure 6B](#F0006){ref-type="fig"}; day 4, *P*\<0.05; day 5, *P*\<0.05). GSK126 injection significantly prolonged the escape latency of the HI + S + G group compared to the HI + S group on days 3 to 5 ([Figure 6B](#F0006){ref-type="fig"}; day 3, *P*\<0.01; day 4, *P*\<0.01; day 5, *P*\<0.001). In the probe test, rats in the HI + S + G group crossed the former platform location fewer times compared to the HI + S group ([Figure 6D](#F0006){ref-type="fig"}, *P*\<0.01), and spent less time in the target quadrant (the second quadrant) ([Figure 6C](#F0006){ref-type="fig"}; *P*\<0.05 versus the HI + S group). There were no differences between the HI + S + G, HI + G, and HI groups. There were also no differences in swimming speed in the probe test or the suspension time test performed before the MWM test to assess motor function in each group ([Figure 6E](#F0006){ref-type="fig"} and [F](#F0006){ref-type="fig"}). Representative tracings of the probe test for the groups are shown in [Figure 6A](#F0006){ref-type="fig"}. Rats in the HI + S + G, HI + G, and HI groups appeared to swim aimlessly ([Figure 6A](#F0006){ref-type="fig"}). Consistent with the behavioral results, neurons with increased intracellular space were scattered in an irregular arrangement in the hippocampus of the rats in the HI + S + G and HI groups ([Figure 7A](#F0007){ref-type="fig"} and B). The neuronal density in the CA3 region of the hippocampus and the weight ratio of the left to the right hemisphere were decreased in the HI + S + G group compared to that of the HI + S group ([Figure 7C](#F0007){ref-type="fig"}, *P*\<0.001; [Table 2](#T0002){ref-type="table"}, *P*\<0.05). There were no differences between the neuro-density or weight ratios of the HI + S + G, HI + G, and HI groups.Figure 6SPC improves long-term neurological outcomes partly by regulating Ezh2. (**A**) Representative tracing way in probe test. (**B**) Escape latency in place trials evaluated the acquisition of spatial information. Values are presented as mean±SD (n=10/group). (**C**) Time spent in each quadrant and (**D**) platform crossing times in probe test evaluated the memory retention ability. (**E**) Swimming speed in probe test and (**F**) suspension time performed before MWM evaluated the motor function. Numbers indicate the four quadrants of MWM, and the second quadrant was the target quadrant. Values are presented as mean±SD (n=10/group); \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 compared with sham group; ^\#^*P*\<0.05 compared with HI group; ^&^*P*\<0.05, ^&&^*P*\<0.01, ^&&&^*P*\<0.001 compared with HI + S group. Group 1: Sham (sham surgery, control), group 2: Sham + SPC (sham + S), group 3: HI, group 4: HI + SPC (HI + S), group 5: HI + SPC + rapamycin (HI + S + R), group 6: HI + rapamycin (HI + R), group 7: HI + SPC + GSK126 (HI + S + G), group 8: HI + GSK126 (HI + G).**Abbreviations:** SPC, sevoflurane post-conditioning; HI, hypoxic ischemia; MWM, Morris water maze.Figure 7SPC improves long-term neurological outcomes partly by regulating Ezh2. (**A**) Representative cerebral morphological graphs on day 34 post-HI. (**B**) Histological Nissil staining in CA3 region of hippocampus at day 34 after HI, scale bar =50μm. (**C**) Neuronal density ratio in CA3 region of hippocampus (n=9/group), values are presented as mean±SD; \*\*\**P*\<0.001 compared with the sham group; *^\#\#\#^P*\<0.001 compared with the HI group; ^&&&^*P*\<0.001 compared with the HI + S group. Group 1: Sham (sham surgery, control), group 2: Sham + SPC (sham + S), group 3: HI, group 4: HI + SPC (HI + S), group 5: HI + SPC + rapamycin (HI + S + R), group 6: HI + rapamycin (HI + R), group 7: HI + SPC + GSK126 (HI + S + G), group 8: HI + GSK126 (HI + G).**Abbreviations:** SPC, sevoflurane post-conditioning; HI, hypoxic ischemia.

Discussion {#S0004}
==========

HIBI in neonates can lead to neuro-developmental disabilities.[@CIT0001],[@CIT0002] Many studies have shown that inhibition of autophagy in vivo and in vitro neonatal models of cerebral HI can provide neuroprotection.[@CIT0019]--[@CIT0021],[@CIT0034],[@CIT0035] In this study, we found that: (1) 2.5% SPC administered for 30 mins immediately following HI protected against neonatal brain injury through the inhibition of over-activated autophagy in the hippocampus; (2) the Pten/Akt/mTOR pathway was involved in SPC-mediated neuroprotection in neonatal rats after HI; (3) the protection by SPC was through Ezh2, which worked as an epigenetic regulator and down-regulated Pten expression by catalyzing trimethylated histone3 at lys 27.

Previous studies have demonstrated that the volatile anesthetic sevoflurane confers neuroprotection against neonatal HIBI.[@CIT0013],[@CIT0014] SPC in this study was performed at 2.5% for 30 mins immediately after HI and was consistent with the conditions used by Lai.[@CIT0013] Ren et al demonstrated that 1% to 3% sevoflurane for 1 hr could induce the post-conditioning effect in HIBI neonatal rats.[@CIT0014] Xie et al found that the one minimum alveolar concentration (MAC) (the concentration in the lungs to prevent movement in 50% subjects in response to surgical stimuli) of sevoflurane was 2.64% in 7-day-old rats.[@CIT0030] Therefore, the concentration of sevoflurane in our study was similar to that used for neonates in the clinic. Taken together, clinical and subclinical doses of sevoflurane for a short exposure time could induce post-conditioning neuroprotection in neonatal rats after HI.

Autophagy occurs constitutively at a basal level to eliminate damaged or aged organelles and proteins through lysosomes, which maintains quality and energy balance. When over-activated autophagy is induced by stimuli (eg, HI), it is deleterious and contributes to neonatal brain injury.[@CIT0020]--[@CIT0022],[@CIT0034],[@CIT0035] Our previous study revealed that HI in neonatal rats enhanced the autophagy flux, especially in CA3 region, and the increased LC3-II expression was due to the elevated formation of autophagosomes, not the blockade of lysosome degradation (a situation in which the autophagy substrates are not disposed of).[@CIT0021] Therefore, the autophagy markers LC3B-II and Beclin1 used in the current study reflected the extent of autophagy. SPC protected neonatal rats from HIBI by the inhibition of excessive autophagy, especially in the CA3 region of the hippocampus. As an important part of the hippocampus loop, only active neurons in the CA3 region receive input from both mature and immature neurons in the DG area and then become bound to each other through recurrent CA3 connection, which works as one part of "memory encoding".[@CIT0036] In our study, when rapamycin was administered to SPC-treated pups, the extent of autophagy was increased at 24 hrs post-HI. At the same time, the neuronal density of the hippocampus at day 34 post-HI was decreased with increased intracellular space. The decreased neuronal density of the hippocampus in the rats 34 d post-HI was likely due to massive cell death induced by over-activated autophagy without sufficient compensation during the short period after HI. Thus, it was natural that rats with poor hippocampal morphology appeared aimless in the behavioral test (MWM). Interestingly, rapamycin did not increase the expression of autophagy markers or exacerbate injury when the HI + R group was compared with the HI group. Considering that our previous study showed that the autophagy flux marker gene reaches its expression peak 24 hrs post-HI in neonatal rats, autophagy may have reached its extreme, which needs further investigation. Collectively, SPC-inhibited over-activated autophagy played an important role in neuroprotection against neonatal HIBI.

Our results also suggest that components of the Ezh2-regulated Pten/Akt/mTOR pathway were under the regulation of SPC during the inhibition of autophagy. Ezh2, which is the active component of PRC2, could be upregulated by HIF-1α upon hypoxia treatment in mammalian cells.[@CIT0037] Volatile anesthetics, such as isoflurane, upregulate the expression of HIF-1α in vivo and in vitro.[@CIT0038]--[@CIT0040] As sevoflurane and isoflurane are both halogenated hydrocarbon ethers, we hypothesized that sevoflurane could also upregulate Ezh2 by increasing HIF-1α in a hypoxic-ischemic environment. Ezh2 catalyzes trimethylated histone 3 at lys 27, which leads to transcriptional repression of downstream genes (eg, Pten, BDNF).[@CIT0041] Ezh2 plays a critical role in hippocampal development,[@CIT0023],[@CIT0026],[@CIT0042] and regulates autophagy through a mTOR-dependent pathway.[@CIT0033] Ezh2 expression regulates Pten in hippocampal learning and memory.[@CIT0026] Pten plays a key role in the regulation of autophagy in the developing brain and is critical for controlling cell death after ischemic brain injury.[@CIT0043],[@CIT0044] Its inhibition enhances GABA~A~ expression and function against ischemic brain injury.[@CIT0045] Pten is a dual phosphatase that dephosphorylates both proteins and substrates and dephosphorylates PIP~3~ at the 3-OH position of the inositol ring to counteract PI3K.[@CIT0046] This process downregulates downstream Akt/mTOR signaling,[@CIT0047] which regulates cell growth, proliferation, and metabolism during mammalian CNS development,[@CIT0048] and is critical for memory consolidation, reconsolidation, storage, and retrieval processes.[@CIT0049] mTOR is the best-characterized regulator of autophagy. mTOR phosphorylates specific components of the multi-protein complex assembled during autophagosome formation, which inhibits activity of the complex and prevents activation of autophagy. As expected, SPC upregulated Ezh2 and H3K27me3 expression, and downregulated Pten/Akt/mTOR signaling in neonatal rats 24 hrs after HI, suggesting that Ezh2-regulated Pten/Akt/mTOR signaling might be involved in the SPC attenuation of neonatal HIBI. In further study, GSK126, an inhibitor of Ezh2 on H3K27me3, reversed the effects of SPC on H3K27me3, Pten/Akt/mTOR signaling and the autophagy markers LC3B-II and Beclin1. The reversal of H3K27me3 suggests that Ezh2 functions as an epigenetic regulator to some degree, which is consistent with the data of Wei et al showing that Ezh2 epigenetically regulates autophagy through an mTOR-dependent pathway.[@CIT0033] GSK126 also reversed SPC-mediated long-term neuroprotection, which is consistent with the hypothesis that excessive autophagy causes neurological impairment of learning and memory. Collectively, our results suggested that SPC confers neuroprotection against HIBI in neonatal rats through the regulation of autophagy by Ezh2 via the Pten/Akt/mTOR pathway.

There are a few limitations to our study. We did not observe the acute phase of cerebral injury after HI. Instead, we performed behavioral and morphological assessments 34 days after HI to evaluate the injury. Second, we focused only on the Pten/Akt/mTOR signaling pathway. We did not study other pathways that may be involved in this process. Further studies are needed to address these issues.

In conclusion, our study demonstrated that 2.5% sevoflurane post-conditioning for 30 mins conferred neuroprotection against HIBI in neonatal rats, which was due to the inhibition of overactivated autophagy in the hippocampus. The inhibition of autophagy was through Ezh2 suppression of Pten/Akt/mTOR signaling, which may represent a new mechanism for SPC-mediated neuroprotection against neonatal HIBI.
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HIBI, hypoxic-ischemic brain injury; SPC, sevoflurane post-conditioning; CA, cornu ammonis; MWM, morris water maze; DG, dentate gyrus; CNS, central nervous system; MAC, minimum alveolar concentration.

Highlights {#S0006}
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As high as 2.5% sevoflurane post-conditioning for 30 mins provided neuroprotection of the hippocampus in neonatal rats after hypoxic ischemia.Sevoflurane post-conditioning conferred neuroprotection through the inhibition of over-activated autophagy in the hippocampus.The Pten/Akt/mTOR pathway was involved in sevoflurane post-conditioning conferred neuroprotection.Sevoflurane post-conditioning mediated neuroprotection through Ezh2, which functioned as an epigenetic regulator and down-regulated Pten expression by catalyzing trimethylated histone3 at lys 27.
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###### Autophagy markers expression levels in sham and sham + R groups. Representative western blots (**A**) and quantification of (**B**) Beclin1 and (**C**) LC3B-II, values are presented as mean±SD (n=6/group). (**D**) Representative immunofluorescent staining of LC3B (green) with NeuN (red) in hippocampus, scale bar =100 μm.
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###### Expression levels of Ezh2 regulated Pten/Akt/mTOR pathway in sham and sham + G groups. Representative western blots (**A**) and quantification of (**B**) Ezh2 (**C**) H3K27me3/H3 (**D**) Pten, (**E**) pAkt/Akt, and (**F**) mTOR, values are presented as mean±SD (n=6/group).
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###### Autophagy markers expression levels in sham and sham + G groups. Representative western blots (**A**) and quantification of (**B**) Beclin1 and (**C**) LC3B-II, values are presented as mean±SD (n=6/group). (**D**) Representative immunofluorescent staining of LC3B (green) with NeuN (red) in hippocampus, scale bar =100 μm.
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[^1]: **Note:** Group 1: Sham (sham surgery, control), group 2: Sham + SPC (sham + S), group 3: HI, group 4: HI + SPC (HI + S), group 5: HI + SPC + rapamycin (HI + S + R), group 6: HI + rapamycin (HI + R), group 7: HI + SPC + GSK126 (HI + S + G), group 8: HI + GSK126 (HI + G).

[^2]: **Abbreviations:** SPC, sevoflurane post-conditioning; HI, hypoxic ischemia.

[^3]: **Notes:** \*\*\**P*\<0.001 compared with the sham group; ^\#^*P*\<0.05, and ^\#\#^*P*\<0.01 compared with the HI group; ^&^*P*\<0.05, and ^&&^*P*\<0.01 compared with the HI + S group; n=10/group. Group 1: Sham (sham surgery, control), group 2: Sham + SPC (sham + S), group 3: HI, group 4: HI + SPC (HI + S), group 5: HI + SPC + rapamycin (HI + S + R), group 6: HI + rapamycin (HI + R), group 7: HI + SPC + GSK126 (HI + S + G), group 8: HI + GSK126 (HI + G).

[^4]: **Abbreviations:** SPC, sevoflurane post-conditioning; HI, hypoxic ischemia.
